Spot bloth caused by Bipolaris sorokiniana is an important wheat desease mainly in hot and humid regions. The aim of this study was to evaluate the response of wheat to different sources and modes of Si application, as related to the severity of wheat spot blotch and plant growth, in two Si-deficient Latosols (Oxisols). An greenhouse experiment was arranged in a 2 x 5 factorial completely randomized design, with eight replications. The treatments consisted of two soils (Yellow Latosol and Red Latosol) and five Si supply modes (no Si application; Si applied as calcium silicate and monosilicic acid to the soil; and Si applied as potassium silicate or monosilicic acid to wheat leaves). No significant differences were observed between the two soils. When Si was applied to the soil, regardless the Si source, the disease incubation period, the shoot dry matter yield and the Si content in leaves were greater. Additionally, the final spot blotch severity was lower and the area under the spot blotch disease progress curve and the leaf insertion angle in the plant were smaller. Results of Si foliar application were similar to those observed in the control plants.
RESUMO: SILÍCIO APLICADO NO SOLO REDUZ A SEVERIDADE DA MANCHA-MARROM DO TRIGO EM SOLOS COM BAIXOS TEORES DESSE ELEMENTO

INTRODUCTION
Wheat (Triticum aestivum L.) production in Brazil, in the period from 2001 to 2006, ranged from 2.23 to 6.07 million tons. This quantity was lower than the wheat consumption of around 10-12 million tons in the same period (CONAB, 2007) , demonstrating the need for increased production of this crop in Brazil.
The southern region of Brazil accounted for about 90 % of the country's wheat production from 2001 to 2006 (FNP, 2006 . The crop has also expanded to the Cerrado region, with promising results, as shown by yields of over 7 t ha -1 , making wheat an option for crop rotation in that region (Souza & Ramalho, 2001) .
A large number of fungal diseases have had an economic impact on wheat production in Brazil, by causing heavy yield losses as well as lower grain quality. Although these losses vary annually, Fernandes & Picinini (1999) reported, in 12 years of experimentation, an average loss of 44.61 % due to diseases, equivalent to an accumulated loss of 1,152 kg ha -1 .
Among the fungal diseases, spot blotch caused by the fungus Bipolaris sorokiniana (Sacc. in Sorok.) causes damage to the whole wheat plant, from leaves to roots. The pathogen is widely distributed in wheatproducing areas around the world, but is far more aggressive in hot and humid regions. The economic impact is therefore strongest in countries such as India, Bangladesh, Nepal, and Brazil (Joshi et al., 2004) .
Currently, alternative methods of disease control have been sought with a view to a method that would be ecologically adequate, economically viable and sustainable in practice. In some situations, crop fertilization with silicon may fulfill these requirements. Fauteux et al. (2005) reported the success of Si application in reducing the incidence or severity of several diseases in diverse crops, including wheat.
The expansion of the wheat crop in Brazil occurs mainly in the Cerrado region, where soil Si availability is low. Due to the attributes of Cerrado soils, it is to be expected that the plant response to Si application will be positive, mainly for Si-accumulating plants, as in the case of crops of the Gramineae family, including wheat. Si is absorbed monosilicic acid (H 4 SiO 4 ) and the wheat root system is efficient in Si uptake (Rafi & Epstein,1999) .
In crops such as grapes and cucumber, the severity of some diseases was reduced by foliar silicon application, as well as by Si application to the soil Bowen et al., 1992) . These authors attribute desease reduction to a physical barrier formed by the silicate deposition on the leaf surface, preventing the penetration of the fungal hyphae into plant tissue. Since an osmotic effect of silicate may occur at high concentrations, the Si source may also be relevant (Liang et al., 2005) .
The objective of this study was to evaluate the response of wheat to different sources and modes of Si application, as related to spot blotch severity of and plant growth, in two types of Si-deficient Latosols (Oxisols).
MATERIAL AND METHODS
The experiment was carried out in a greenhouse, in the winter of 2006. Treatments were arranged in a 2 x 5 factorial design with two soils (Yellow Latosol and Red Latosol) Each pot contained 2.2 dm³ of previously limed soil. To the Yellow Latosol and Red Latosol, respectively, 1 g dm -3 and 1.2 g dm -3 CaCO 3 were applied. The soil treated with wollastonite was not limed since, besides providing Si, wollastonite has liming properties. The wollastonite quantity applied to the soil was calculated to balance the Ca provided by CaCO 3 (40 % Ca). To the Yellow Latosol and Red Latosol, respectively, 1.29 g dm -3 and 1.55 g dm -3 wollastonite were applied, providing 0.312 and 0.402 g dm -3 Si. In all treatments, 0.20 g dm -3 MgCO 3 was applied along with the liming material. After homogenization of the limed soil, deionized water was added to raise the moisture level to 80 % of field capacity and the mixture was incubated for 30 days. The amount of monosilicic acid applied to the soil was calculated to provide the same amount of Si as supplied by wollastonite. This value was determined by passing a solution of potassium silicate (12 % Si and 13 % K 2 O) through a cation exchange resin column ).
After the incubation period, 400 mg dm -3 P (CaHPO 4 ) per pot was added and soil samples (0.2 dm³) were withdrawn from each experimental unit. The soil samples were analyzed to determine pH in water (1:2.5), Ca content by atomic absorption spectrophotometry and Si by colorimetry (Korndörfer et al., 2004) . For these analyses, two composite samples were prepared for each soil, one from replications treated with calcium carbonate and the other from the replications treated with wollastonite (CaSiO 3 ).
Eight wheat (cv. BR18) seeds per pot were sown at a depth of 1 cm and thinned a first time five days after plant emergence (DAE), leaving six seedlings per pot. At that time the first N, K, S and micronutrient supply was applied as 25 mL dm -3 nutrient solution. Ten DAE, the second thinning left four plants per pot. The second and third N and micronutrient applications occurred 15 and 30 DAE, respectively, with 25 mL dm -3 nutrient solution. Altogether, the applications (in mg kg -1 ) consisted of: 160 N, 210 K, 60 S, 60 Mg, 1 B, 1. Si was applied to the leaves 44 DAE by a nebulizer coupled to an air compressor. The pH of the solutions was adjusted to 6.0 with the addition of 2 mol L -1 HCl. The quantity applied to each pot was previously determined for a maximum moisture retention on the leaf surface to avoid solution run-off from the surface. Potassium silicate was applied at a rate of 40 g L -1 (4.8 g L -1 Si) and the same amount of Si was applied as monosilicic acid. The plants treated with Si via soil and the control plants were sprayed with distilled water, adjusting the pH to 6.0.
Twenty four hours after Si foliar-application, the plants were transferred to an inoculation chamber with a pathogenic isolate inoculation of B. sorokiniana. To prepare the inoculum suspension, the isolate conserved on sterile filter paper at -80 °C was distributed in Petri dishes containing potato dextrose agar. After distribution, the dishes were transferred to a BOD incubator with fluorescent light (12 h continuous photoperiod) at 25 o C, for approximately 10 days, until conidia were abundantly produced. The inoculum suspension was prepared by adding 10 mL of distilled water to each dish and the conidia were scraped off the surface with a spatula. The suspension was filtered through gauze to eliminate mycelium fragments and the culture medium. After filtering, the conidial suspension was adjusted to 10 4 conidia per mL.
Three leaves of each plant were selected for evaluation. Plants were inoculated by spraying the conidial suspension with a nebulizer (De Vilbiss no. 15). Immediately after inoculation, the plants were transferred to a growth chamber (25 ± 2 ºC and 95 ± 2 % relative humidity), under nebulizer spraying for 40 s every 30 min, during 12 h, in a continuous photoperiod of 12 h. The plants were then transferred to chambers (18 ± 2 ºC ) until the end of the evaluations. The incubation period, number of lesions per cm 2 leaf area and spot blotch severity were evaluated six days after inoculation. The incubation period was determined by observing the presence of the first lesions on the leaves every three hours, from the beginning of inoculation until the moment when lesions became visible on all selected leaves of all replications.
The spot blotch severity was evaluated every 24 h after inoculation by visual determination of the percentage of infected leaf area. The disease severity data were used to estimate the area under the disease progress curve (AUSBPC), which was calculated by the equation proposed by Shaner & Finney (1977) .
The final disease severity was evaluated six days after inoculation, observing the general aspect of each entire plant and attributing to it a grade based on the percentage of leaf area covered with lesions.
With a compass and a protractor, the leaf insertion angle of the leaf under the flag leaf of each plant was measured and the average angle for the plants in each pot calculated.
To evaluate shoot dry matter yield, the plants were washed with distilled water and later again with a solution of neutral biodegradable detergent 1 mL L -1 , HCl 0,1 mol L -1 and finally with distilled water. The plants were oven-dried to constant dry weight by forced air circulation at 65 ºC.
The leaves were ground in a Wiley mill and passed through a 0.84 mm sieve screen. Dry matter was mineralized by a nitric-perchoric (3:1, v v -1 ) solution and the K content determined by flame spectrophotometry. The Si content was determined by alkaline digestion and the colorimetric method (Korndörfer et al., 2004) .
The experiment was conducted twice and the data from each variable were grouped, since homogeneity of variation was confirmed by the Cochran test (Gomez & Gomez, 1984) . Analysis of variance was performed using the Statistical and Genetic Analysis System (SAEG) and the means were compared by the Tukey test at 5 %.
RESULTS AND DISCUSSION
The effect of calcium carbonate (CaCO 3 ) and wollastonite (CaSiO 3 ) on the soil pH in the two soils was similar (Table 1) , as also reported by Pereira et al. (2007) . Besides supplying Si to the plants, wollastonite is an efficient liming material for the soil and is considered a standard Si source.
No significant effect was observed regarding the soil type for any of the variables analyzed, nor any interaction between the soil and Si application type. Possibly, similar levels of available Si content and the similarity of chemical and physical properties of the two soils may have been the cause that the soil type was not significant for any of the variables evaluated ( Table 2 ).
The K leaf content varied from 30.90 to 33.27 g kg -1 (Table 3) , within the range considered adequate for wheat (Malavolta et al., 1997) . This was the only variable with no significant difference in response to the Si sources and application modes, even when potassium silicate was applied to the leaves. This may be due to the 210 mg dm -3 K supplied to the plants by the regular fertilizer application, which may have resulted in "luxury consumption" by the plants.
When Si was foliar-applied, irrespective of the source, all results were similar to those observed for the control plants (Tables 3 and 4) . On the other hand, when Si was applied to the soil, leaf Si content was on average 4.5 times greater than in the control, regradless the source (Table 3 ). This may have been due to the doses of soil-applied Si, which were near the highest doses commonly used, and to the characteristics of wheat in terms of Si uptake and transport. Rafi & Epstein (1999) reported that wheat plants accumulated Si rapidly and approximately 90 % of Si absorbed by the plants was transferred to the shoots. The shoot dry matter yield in plants grown in Sitreated soil (mean of the two treatments) was 1.7 times greater than of control plants and 1.5 times greater than of plants treated with foliar Si application (mean of the two treatments) (Table 3 ). This difference was 1.2 times greater in plants treated with foliar Si application than in the control. It seems that Si absorption in the wheat leaf surface it is not enough to improve plant growth, unlike observed for Si soil application. The wheat Si accumulation capacity (Rafi & Epstein, 1999) and low Si availability in the Sideficient Latosols used for wheat cultivation certainly contributed to the effectiveness of soil-applied Si. In two rice cultivars grown in low-Si soils, Deren et al. (1994) reported an increment of up to 33 % in the production of plant parts due to fertilization with 2500 mg dm -3 calcium silicate. In wheat, Liang et al. (1994) observed a productivity increase of 4-9 % under soil-applied Si. Korndörfer et al. (1999) stated that a soil where 0.05 mol L -1 CaCl 2 extracted Si in a range of 6 -8 mg dm -3 indicated a high probability of response to Si application, justifying the inclusion of Si in fertilization to improve crop yields. The CaCl 2 extracted available Si in the two Latosols (1.2 mg dm -3 and 2.4 mg dm -3 ) and the results confirm the need of Si application to this soil type. According to Raij & Camargo (1973) , the soluble Si content of most soils in the Brazilian Cerrado is low. In tropical soils, due to the favourable leaching conditions, Si is found basically in form of quartz (SiO 2 ), opal (SiO 2 .nH 2 O) and other minerals with no plant-available Si (Barbosa Filho et al., 2001) . Additionally, Si containing easily leaching minerals is practically inexistent in strongly leached tropical soils (Pereira et al., 2003) . It is therefore very likely that crops grown in these soils do respond to soil Si application, mainly crops with a high Si demand such as wheat, rice and sugarcane. The leaf insertion angle (LIA) in the control plants and Si-foliar supplied plants were about the same and around 1.3 times greater than in the plants treated with Si soil application ( Table 3 ). The more erect leaves allow a more efficient exploitation of the space available for interception of photosynthetically active radiation. Furthermore, it has been observed that more decumbent leaves shade themselves and reach the maximum leaf area degree earlier than plants with more erect leaves. These effects were shown in the wheat plants treated with Si soil application, where plant architecture was improved by the more erect position of the plant leaves, due to a reduction of approximately 10 degrees in the LIA compared to the plants with foliar-applied Si and controls (Table 3) . Certainly, these effects contributed to the greater shoot dry matter yield in wheat plants treated with Si soil application. Besides the more adequate plant architecture provided by the reduced LIA in wheat (Table 3) , it seems that the improvement of water utilization in Si-fertilized rice, as observed by Agarie et al. (1998) , also contributed to a shoot dry matter increase. The leaf insertion angle and plant architecture, which are related to plant yield capacity (Keulen, 1986) , and the preventive effect of Si against structural and functional deterioration of cell membranes observed in rice plants exposed to environmental stress (Agarie et al., 1998) may have similarly favored wheat plants supplied with Si soil application.
There was a significant increase in the incubation period and a significant decrease in the number of lesions per cm 2 of leaf area, in the final severity of the disease and in the area under the spot blotch disease progress curve when Si was applied through the soil, irrespective of the Si source used (p ≤ 0,05) ( Table 4) .
The spot blotch incubation period in plant leaves taking up soil-applied Si lasted approximately 5 h longer, indicating that the fungus encountered difficulty to penetrate the epidermal cells. Seebold et al. (2001) and Zanão Júnior et al. (2009a) observed a significant increase in the incubation period of leaf blast and brown spot, respectively, in rice grown under high Si supply. The lower severity degree observed in wheat reflects, to a certain extent, the difficulty of the fungus to penetrate the plant epidermis.
On average, there was a reduction of more than seven lesions per cm 2 of leaf area in plants taking up soil-applied Si compared to foliar application (Table 4) . This may also be explained by the difficulty of the fungus to penetrate the epidermis where Si was polymerized and Si deposited as hydrated or amorphous silicates (SiO 2 .nH 2 O) under the cuticle (Blackman, 1969) . In nutrient solution, Zanão Júnior (2007) observed a thicker epidermis in rice plants cultivated with 2 mmol L -1 Si than in those cultivated without this element.
Lesions developed on leaves of plants taking up soil-applied Si were smaller and fewer than on leaves of plants without Si supply or taking up foliar-applied Si. Without Si or with foliar Si supply, the leaf lesions were larger and coalesced, occupying a large part of the foliar area. Seebold et al. (2001) reported a significant reduction in the expansion rate of blast lesions on rice leaves following application of calcium silicate to the soil. In rice, Kim et al. (2002) observed that the strengthening of epidermal cell walls due to Si supply was responsible for a reduction in the number of leaf lesions. A negative correlation between the numbers of epidermal cells containing Si deposition, mainly bulliform cells, with the incidence of spot blotch in rice was reported by Nanda & Gangopadhyay (1984) . These authors observed a greater density of Si deposition containing cells in the epidermis of rice leaves of plants supplied with higher rates of soil-applied Si, and that the B. oryzae conidia, although germinated, did not penetrate the epidermal cells.
The severity of spot blotch was 19-26 % lower when Si was soil-applied (Table 4) . Rodgers-Gray & Shaw (2000) observed a reduction (30 to 80 %) in the severity of important wheat diseases from one growing season to the next when Si was applied to incorporated wheat straw in the soil. Reduction in disease severity of various crop such as rice, cucumber and wheat was attributed to the formation of a physical barrier (Si deposition and polymerization beneath the cuticle) and to natural chemical plant defense mechanisms, such as the production of phenolic and phytoalexin compounds (Fauteux et al., 2005) .
The area under the spot blotch disease progress curve (AUSBPC) was also significantly reduced in plants supplied with Si to the soil (Table 4 ). The AUSBPC shows the disease progress in wheat leaves and allows the conclusion that the lesion expansion and, consequently, disease severity, was inversely proportional to soil-applied Si.
The smaller angle of foliar insertion in Si supplied plants may have contributed to the lower severity degree in comparison with plants without Si supply. Gangopadhyay & Chatopadhyay (1974) studied the leaf insertion angle of various rice genotypes grown in a greenhouse as related to spot blotch severity and found that the smaller the foliar angle, the lower is the disease severity.
Some studies relate the control of powdery mildew in cucumber, melon, squash and grape vine to the foliar application of potassium silicate at rates of up to 17 mmol L -1 Bowen et al., 1992) . These authors attributed the observed effects to a physical barrier formed by the polymerization of potassium silicate on the leaf surface, preventing the fungus penetration into the host plant tissue. Liang et al. (2005) stated that this control may also be due to the osmotic effect of high silicate concentrations from foliar applications. In the present study however, no effect on disease control was observed by foliarapplied Si, regardless of the source. Zanão Júnior et al. (2009b) also found no control of rice brown spot by foliar-applied Si. This may have been caused by the absence of silicate polymerization in the leaf due to the pH adjusted to 6.0 of the applied solution, which may have prevented polymerization.
CONCLUSIONS
1. The response of wheat plants to Si application is not affected by the different characteristics of the Yellow Latosol and the Red Latosol tested, irrespective of the source and mode of application.
2. Foliar application of Si is not effective to increase Si contents in wheat leaves.
3. Soil-applied Si is effective to increase wheat dry matter and wheat spot blotch control, regardless of the Si source, which is not the case for foliar-applied Si.
4. Soil-applied Si raises the Si wheat leaf content, improves the wheat plant architecture, induces a higher dry matter yield and contributes to a reduced spot blotch disease severity.
